Lung cancer is one of the main causes of cancer mortality globally. Most patients received radiotherapy during the course of disease. However, radioresistance generally occurs in the majority of these patients, leading to poor curative effect, and the underlying mechanism remains unclear. In the present study, miR-18a-5p expression was downregulated in irradiated lung cancer cells. Overexpression of miR-18a-5p increased the radiosensitivity of lung cancer cells and inhibited the growth of A549 xenografts after radiation exposure. Dual luciferase report system and miR-18a-5p overexpression identified ataxia telangiectasia mutated (ATM) and hypoxia inducible factor 1 alpha (HIF-1α) as the targets of miR-18a-5p. The mRNA and protein expressions of ATM and HIF-1α were dramatically downregulated by miR-18a-5p in vitro and in vivo. Clinically, plasma miR-18a-5p expression was significantly higher in radiosensitive than in radioresistant group (P < .001). The cutoff value of miR18a-5p >2.28 was obtained from receiver operating characteristic (ROC) curve. The objective response rate (ORR) was significantly higher in miR-18a-5p-high group than in miR-18a-5p-low group (P < .001). A tendency demonstrated that the median local progression-free survival (PFS) from radiotherapy was longer in miR-18a-5p-high than in miR-18a-5p-low group (P = .082). The median overall survival (OS) from radiotherapy was numerically longer in miR-18a-5p-high than in miR-18a-5p-low group (P = .281). The sensitivity and specificity of plasma miR-18a-5p to predict radiosensitivity was 87% and 95%, respectively. Collectively, these results indicate that miR-18a-5p increases the radiosensitivity in lung cancer cells and CD133 + stemlike cells via downregulating ATM and HIF-1α expressions. Plasma miR-18a-5p
| INTRODUCTION
Lung cancer is the most common type of malignancy and the leading cause of cancer-related death globally. The five-year survival rate of lung cancer is less than 20%. 1, 2 Nonsmall cell lung cancer (NSCLC) accounts for 80%-85% of all lung cancer subtypes, about 70% of which receives radiotherapy during the whole period of disease. However, most NSCLC patients suffer from radioresistance, leading to poor therapeutic outcomes. 3 The mechanism underlying radioresistance is so complicated that it remains unclear despite decades of efforts by radiobiological scientists and oncologist worldwide. Cancer stem-like cells play an important role in tumorigenesis, tumor invasion, metastasis, and recurrence. 4 Increasing studies manifest that cancer stem-like cells are highly related to radioresistance and have become a hotspot in this field. [5] [6] [7] [8] Thus, it is urgent to explore the role of cancer stem-like cells in radioresistance and the underlying regulatory mechanism in lung cancer. MicroRNAs (miRNAs) are a kind of noncoding small RNAs that usually downregulate the targets via binding to the 3′-UTR of mRNAs. The expression of miRNAs keeps stable in tissues, cells, plasma, urine, etc. [9] [10] [11] The miRBase 21 12 shows that there are only 1881 human miRNAs, regulating one-third human genes. Usually, one miRNA regulates multiple targets and could be regulated by multiple genes. 13 It has been reported that miRNAs are involved in tumorigenesis, cell cycle, cell proliferation, apoptosis, tumor microenviroment, and radioresistance, acting as tumor suppressors or tumor promoters. [14] [15] [16] [17] [18] [19] [20] It has also been verified that miRNAs are related to biological characteristics of cancer stem-like cells, such as self-renewal, proliferation, invasion, and radiotherapy or chemotherapy resistance. 21, 22 Our previous study demonstrated that miR-18a-5p was downregulated in CD133 + stem-like cells in lung cancer compared with CD133 − cells. 23 Bioinformatic analysis suggested that ataxia telangiectasia mutated (ATM) related to DNA repair and hypoxia inducible factor 1 alpha (HIF-1, HIF-1α) related to hypoxia in tumor microenvironment are both potential targets of miR-18a-5p. Hence, in the current study, we explored whether miR-18a-5p would affect the radiosensitivity of cancer stem-like cells in NSCLC.
| MATERIALS AND METHODS

| Cell culture
Three cell lines, human bronchial epithelial cell line (HBE), lung adenocarcinoma A549, and SPC-A1 cell lines were kept in our institute. HBE, A549, and SPC-A1 cells were cultured in RPMI-1640 medium (Hyclone) supplemented with 10% FBS (Hyclone) and 1% Penicillin-Streptomycin Solution (Hyclone) in an incubator with 5% CO 2 at 37°C. The CD133 + stem-like cells were induced and then isolated from the A549 cells as described in our previous study. 
| Quantitative real-time PCR (qRT-PCR)
The total RNA of cancer cells was extracted and used for reverse transcription according to the instructions of PrimeScript ™ RT Reagent Kit (#RR037A, TaKaRa). The real-time PCR was performed using SYBR ® Premix Ex Taq ™ II (#RR820A, TaKaRa).
The reaction condition was as follows: 95°C for 5 seconds, 40 cycles of 95°C for 30 seconds, and 60°C for 34 seconds. U6 small nuclear RNA (U6 snRNA) and β-actin were used as an internal control for miRNAs and mRNA amplification, respectively. The reverse transcription primer of miR-18a-5p was 5′ -gtcgtatccagtgcagggtccgaggtattcgcactggatacgacctatct-3′. All of the sense and antisense primers in qRT-PCR assay are listed in Table 1 . The qRT-PCR reactions were repeated three times.
| Bioinformatic analysis
Three online software programs including PicTar, 24 TargetScan, 25 and miRanda 26 were used to predict the
T A B L E 1 qRT-PCR primers for miRNAs and mRNAs
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potential targets of miR-18a-5p. The potential binding sites between miR-18a-5p and the 3′-UTR of ataxia telangiectasia mutated (ATM) and hypoxia inducible factor 1 alpha (HIF-1α) were obtained from PicTar program.
| Dual luciferase reporter assay
Through searching in NCBI GenBank database, 220-240 nt 3′-UTR of targets (100 nt upstream and downstream from binding site) were synthesized with or without seed sequence (named 3UTR-WT and 3UTR-MUT, respectively). The dangling ends of synthesized fragments were added with Xba I restriction site (TCTAGA). The modified fragments were inserted into dual luciferase reporter vector pGV306 (GeneChem, Shanghai, China), respectively. In dual luciferase reporter assay, miRNA mimics negative control (miR-NC) was also used. The vectors were divided into four groups: Test group (pGV306-3UTR-WT plus miR-18a-5p mimics), Con-1 group (pGV306-3UTR-WT plus miR-NC), Con-2 group (pGV306-3UTR-MUT plus miR-18a-5p mimics), and Con-3 group (pGV306-3UTR-MUT plus miR-NC). When the confluence reached 80%-90% in a 24-well plate, cotransfection reaction contained 500 ng of recombinant pGV306, and 2.5 μL of miR-18a-5p mimic or miR-NC in 500 μL after addition of lipofectamine 2000 (Invitrogen, Carlsbad, CA). The final concentration of miR-18a-5p mimic or miR-NC was 30 nmol/L. Transfected cells were collected 24 hours later and luciferase activity was analyzed by a dual-luciferase reporter system (Promega, Madison, WI). The luciferase ratio of Firefly/Renilla represented the expressions of targets. The data of each group are presented as mean ± standard deviation (SD).
| Western blotting
The total protein of the cancer cells and xenografts was extracted according to the manufacturer's instruction (SigmaAldrich, St. Louis, MO). During the extraction, protease inhibitor (100:1) and phosphorylated protease inhibitor (100:1) were used. Western blotting was performed as described in detail in our early report 27 using the primary antibodies of ATM, pATM (phospho S1981), HIF-1α, Lamin B, and γH2AX, GAPDH (Proteintech Group, China) and secondary antibodies (BOSTER, China). The concentration of all primary and secondary antibodies was 1:5000 except that of GAPDH (1:1000). In the HIF-1α detection, CoCl 2 was used to induce hypoxia to avoid the degradation of HIF-1α.
2.6 | miR-18a-5p overexpression in SPC-A1,
A549, and CD133 + cells
To overexpress miR-18a-5p in SPC-A1 and A549 cells, miRNA mimics (Ribobio, China) at different concentrations 
| Clonogenic assay in 3D matrigel culture
Clonogenic assay in 3D matrigel culture was performed as described in our previous study. 27 Briefly, CD133 + stem-like cells were divided into three groups: control group (Blank), empty vector group (EV control), and miR-18a-5p group (miR-18a-5p-LV were irradiated with 6 MV X-ray at doses of 0, 2, 4, 6, 8, and 10 Gy, correspondingly. Then, the cells after irradiation exposure were cultured in an incubator with 5% CO 2 at 37°C for 2 weeks. The culture medium was updated every 2 days. The colonies containing more than 50 cells were counted. Survival fraction (SF) was calculated from the formula SF = clonogenic ratio with radiation/clonogenic ratio without radiation. GraphPad Prism 4.0 was used to draw radiation survival curves (10 Gy dose point excluded because of too few colonies), and radiobiological parameters (D0, Dq and SF2) were calculated. Furthermore, sensitive enhancement ration (SER) was obtained from the formula SER = SF2 EV control /SF2 miR-18a-5p-LV at 2 Gy.
| Animal experiments
Female nude mice aged 5-6 weeks (Beijing HFK BioScience Co., LTD) were used for in vivo experiment. According to the above grouping of cells, mice bearing A549 cells were divided into three groups: control group (Blank), negative mimics control group (miR-NC), and miR-18a-5p group (miR-18a-5p mimics). To construct the xenograft model, 1 × 10 6 of A549 cells from each group (Blank, EV control and miR-18a-5p-LV) were inoculated into the right leg of the mouse. When the tumor volume reached about 100 mm 3 , local irradiation of 6MV X-ray was administered after anesthetization. The total dose was 20 Gy in 2 fractions with 10 Gy per fraction. Then the tumor volume was measured and calculated every 2 days. The tumor volume (V) was calculated according to the formula V = (length × width 2 )/2. The tumor samples were collected at the deadline of survival observation on day 30 or timepoint of morbidity.
| Clinical study
Patients were selected and analyzed as described in our previous study. 29 Briefly, patients with unresectable stage III or IV NSCLC according to International Classification of Diseases for Oncology 30 were enrolled from January 2013 to December 2014 (Table 2) . After 2-4 cycles of chemotherapy, thoracic radiotherapy to the planning gross tumor volume (pGTV) (60-66 Gy/30-33F/6-7w) was given in patients with Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0-2 and an age of 18-75 years. This study has been approved by the Ethics Committee of our university. About 5 mL of noncoagulant blood was drawn before radiotherapy, and plasma miR-18a-5p was then detected by qRT-PCR with synthetic cel-miR-39-3p small RNA (cel-39) as an external control. 29 The primers of cel-39 and miR-18a-5p are listed in Table 1 . By the deadline of follow-up on 31 October 2015, tumor response estimated by RECIST 1.1, the median local progression-free survival (PFS) and overall survival (OS) from radiotherapy had been recorded. The objective response rate (ORR) was defined as the proportion of patients with complete response (CR) or partial response (PR). Adverse effects, mainly radiation pneumonia (RP), were also recorded. 29 
| Statistical analysis
The expressions of plasma miR-18a-5p were compared by independent-samples t test based on homogeneity test. The cu-off value of miR-18a-5p relative to cel-39 was obtained from receiver operating characteristic (ROC) curve using MedCalc 15.10. Based on the cutoff value, ORR comparison was realized by the standard chi-square test to obtain predictive sensitivity and specificity of plasma miR-18a-5p. The median PFS and OS were estimated using the Kaplan-Meier method. Statistical analysis was performed using SPSS statistical package (version 17.0, SPSS Inc., Chicago, IL), and statistical significance was set at P < .05.
| RESULTS
| Radiosensitizing effects of miR-18a-5p on A549 cells
The expressions of miR-18a-5p in HBE and A549 cells before and after irradiation were detected by qRT-PCR. The results showed that miR-18a-5p was more highly expressed in A549 cells than in HBE cells ( Figure 1A) . The radiation at a dose of 2 Gy continuously decreased the expression of miR-18a-5p in A549 cells at the time point of 0.5, 1, 2, and 4 hours to 0.2, 0.22, 0.18, and 0.31, nomalized to the expression in unirradiated A549 cells (P < .01, Figure 1B ), which was similar in SPC-A1 cells and the corresponding expressions were 0.25, 0.47, 0.27, and 0.65, respectively. All the concentrations of miR-18a-5p mimics (0.1, 0.2, and 0.3 μmol/L) significantly increased the expression of miR18a-5p to 2.42, 10.37, and 21.61 times before in A549 cells (P < .01, Figure 1C) . Then, the concentration of 0.2 μmol/L was used in subsequent experiments. Radiation survival curves of A549 cells for different groups showed that the D0, Dq, and SF2 values in miR-18a-5p mimics group (1.70, 0.64, and 0.34) were significantly lower than those in blank group (1.75, 1.08, and 0.48) and miR-NC group (1.75, 1.10, and 0.48). The SER was 1.41 (vs blank group) and 1.41 (vs miR-NC group) (P < .05, Table 3 ). Also, radiation survival curves of SPC-A1 cells for different groups demonstrated the similar results (data not shown). All the results indicated that miR-18a-5p overexpression radiosensitized A549 cells ( Figure 1D ).
| Radiosensitizing effects of miR-18a-5p on CD133 + stem-like cells
After being induced by paclitaxel and serum-free medium, epithelial A549 cells turned into spheres in suspension status. of miR-18a-5p on A549 cells. A, miR18a-5p expression in HBE and A549 cells (**P < .01). B, miR-18a-5p expression in A549 cells before and after 2Gy X-ray irradiation (**P < .01 vs 0 h). C, miR-18a-5p expression in A549 cells before and after miR-18a-5p mimics transfection (*P < .05, **P < .01). D, Radiation survival curves of A549 cells before and after miR-18a-5p mimics transfection CD133 − cells (P < .05, Figure 2B) . Consistently, the expression of miR-18a-5p in CD133 + cells was 0.61 ± 0.08 times lower than that in CD133 − cells (P < .01, Figure 2C ).
To investigate the biological function of miR-18a-5p, we introduced miR-18a-5p-LV into CD133 + cells. After infection with miR-18a-5p-LV, CD133 + stem-like cells displayed GFP fluorescence at a ratio of 92% under a fluorescence microscope. EV control also reached an infection efficacy of 86%.
After infection, miR-18a-5p was expressed about 2.25 ± 0.25 times higher in miR-18a-5p-LV group than in EV control group or blank group (P < .01, Figure 2C ). To determine whether miR-18a-5p was related to self-renewal of CD133 + cells, several experiments were performed. In qRT-PCR assay, there was little change in stemness factors of Oct4, Nanog, or Nestin after miR-18a-5p overexpression compared with EV control group (P > .05, Figure 2D ). Clonogenic assay in 3D matrigel culture showed that the clonogenic potential of parental CD133 + stem-like cells was 34 ± 1%, compared with 12 ± 1% in CD133 − cells (P < .05, Figure 2E ). After infection with miR-18a-5p-LV, CD133 + stem-like cells generated similar spheroids (29 ± 1%) to EV control (25 ± 1%), suggesting that miR18a-5p did not affect the self-renewal of CD133 + stem-like cells (P > .05, n = 5, Figure 2E ). Table 3 ). The results indicated that the overexpression of miR-18a-5p enhanced the radiosensitivity of CD133 + stem-like cells to X-ray irradiation ( Figure 2F) . Additionally, the expression of γH2AX was detected in CD133 + stem-like cells with miR-18a-5p-LV infection by
Western blotting 30 minutes after irradiation. The expression of γH2AX protein increased with the radiation dose in a certain range in all these groups, while miR-18a-5p overexpression downregulated the expression of γH2AX protein ( Figure 2G ). 31 showed that ATM and HIF-1α could be the putative targets of miR-18a-5p. The binding free energy between ATM and miR-18a-5p was −22.8 kcal/mol, dramatically lower than average random free energy of ATM −2.92 kcal/ mol obtained at website. 32 The binding free energy between HIF-1α and miR-18a-5p was −19.0 kcal/mol, dramatically lower than average random free energy of HIF-1α -0.62 kcal/ mol as well. Additionally, miR-18a-5p had highly conserved binding sites to ATM and HIF-1α in discrepant species. Thus, ATM and HIF-1α were chosen for further exploration. In the dual-luciferase reporter assay to verify ATM as a target of miR-18a-5p, the relative luciferase activity in the test group was significantly lower than that in the blank and miR-NC groups (P < .01, Figure 3A) . Similarly, in the assay to verify HIF-1α as a target of miR-18a-5p, the ratio of firefly luciferase to renilla in miR-18a-5p mimics group was significantly lower than that in the blank and miR-NC groups (P < .01, Figure 3B ). Thus, dual-luciferase reporter assay indicated that miR-18a-5p could bind to the 3-UTR of both ATM and HIF-1α.
The correlation between miR-18a-5p expression and potential targets was analyzed at both mRNA and protein levels. The mRNA expressions of miR-18a-5p, ATM, and HIF-1α in A549 cells with the transfection 0.2 μmol/L miR-18a-5p mimics were detected before and after 2 Gy X-ray irradiation. Before irradiation, miR-18a-5p was expressed 12.04 times higher in miR-18a-5p mimics group than in miR-NC group (P < .01, Figure 3C ). The mRNA expression of ATM in miR-18a-5p mimics group was 0.42 times lower than in miR-NC group before irradiation (P < .01, Figure 3D ), and the mRNA expression of HIF-1α in miR-18a-5p mimics group was 0.58 times lower than that in miR-NC group before irradiation (P < .01, Figure 3E ). After irradiation, the expression of miR-18a-5p in each group decreased. Accordingly, the mRNA expressions of ATM and HIF-1α in each group increased. However, the expression of miR-18a-5p in miR18a-5p mimics group was still 2.23 times higher than that in miR-NC group (P < .05, Figure 3C ). The mRNA expression of ATM in miR-18a-5p mimics group was 0.54 times lower than that in miR-NC group after irradiation (P < .01, Figure 3D ). The mRNA expression of HIF-1α in miR-18a-5p mimics group was 0.58 times lower than that in miR-NC group after irradiation (P < .05, Figure 3E ). In addition, the protein expressions of ATM and HIF-1α with the transfection 0.2 μmol/L miR-18a-5p mimics were detected by Western blotting. The protein levels of both ATM and pATM (Phospho S1981) were downregulated by miR-18a-5p mimics in A549 cells compared with the miR-NC group ( Figure 3F ). Likewise, in SPC-A1 cells, miR-18a-5p mimics downregulated pATM protein to 72.9% compared with the miR-NC group. To determine whether HIF-1α protein was a target, CoCl 2 was used to induce hypoxia before and after miR-18a-5p mimics transfection. The expression of HIF-1α protein was very low under normal condition without CoCl 2 treatment, but higher under hypoxic condition with CoCl 2 treatment. Similarly, the protein level of HIF-1α was dramatically lower in miR-18a-5p mimics group than in miR-NC group ( Figure 3G) . Generally, the expression of miR-18a-5p was negatively correlated with the mRNA and protein levels of ATM and HIF-1α in vitro.
| Functional analysis of miR-18a-5p in animal experiments
There were 10 mice in each group. After inoculation, only one mouse showed no tumor in the miR-18a-5p-LV group. We chose six mice bearing xenografts in similar size from each group to analyze the function of miR-18a-5p. The in vivo results demonstrated that compared with the EV vector and blank groups, tumor volume and tumor growth rate decreased in the miR-18a-5p-LV group in the early 8 days (P = .012, Figure 4A ). There was no significant difference in survival time on day 30 between the three groups (P > .05, Figure 4B ). However, the tumor samples in the miR-18a-5p-LV group were significantly smaller than those in the other two groups (P < .05, Figure 4C ).
F I G U R E 3
Verification of the targets of miR-18a-5p. A, Histogram of dual luciferase assay of ATM verification (**P < .01). B, Histogram of dual luciferase assay of HIF-1α verification (**P < .01). C, miR-18a-5p expression in A549 cells before and after miR-18a-5p mimics transfection with or without 2 Gy X-ray irradiation (*P < .05, **P < .01). D, ATM mRNA expression in A549 cells before and after miR-18a-5p mimics transfection with or without 2 Gy X-ray irradiation (**P < .01). E, HIF-1α mRNA expression in A549 cells before and after miR-18a-5p mimics transfection with or without 2 Gy X-ray irradiation (*P < .05, **P < .01). F, ATM and pATM protein expression before and after miR18a-5p mimics transfection in A549 cells. G, HIF-1α protein expression after and before miR-18a-5p mimics transfection with or without CoCl 2 in A549 cells
To analyze the impact of miR-18a-5p-LV infection, the expressions of miR-18a-5p and ATM and HIF-1α targets in xenografts were detected. In blank group without irradiation, the expression of miR-18a-5p was high in A549 xenograft. Under irradiation, the expression of miR-18a-5p in each group decreased at discrepant range. Basically, compared with the EV control and blank groups, the expression of miR-18a was significantly increased in the miR-18a-5p-LV group (P < .05, Figure 4D ). Consistently, the mRNA expressions of ATM and HIF-1α were low in A549 xenograft in blank group without irradiation. Under irradiation, the mRNA expressions of ATM and HIF-1α in each group increased at discrepant range. In qRT-PCR assay, the mRNA expressions of ATM and HIF-1α under irradiation were significantly lower in the miR-18a-5p-LV group than in the EV control and blank groups (P < .05, Figure 4E ). In addition, Western blotting showed protein changes of pATM and HIF-1α consistent with mRNA changes in each group ( Figure 4F) . Therefore, irradiation decreased miR-18a-5p but increased pATM and HIF-1α subsequently, and miR-18a-5p inhibited pATM and HIF-1α at both mRNA and protein levels in vivo, consistent with in vitro results.
| Plasma miR-18a-5p as an indicator of radiosensitivity
A total of 54 patients were enrolled in our study, including 47 males and seven females with a median age of 60 years (range: 31-75 years), 37 cases (68.5%) of ever or current smokers, 22 cases (40.7%) of adenocarcinoma, and 32 cases (59.3%) of squamous carcinoma. There were seven cases (13.0%) in stage IIIa with unresectable tumors, 22 (40.7%) cases in stage IIIb, and 25 cases (46.3%) in stage IV.
Totally, 54 eligible patients reached 0 CR, 15 PR, 35 SD, and 4 PD. The median follow-up was 16.65 months (range: F I G U R E 4 Radiosensitizing effects of miR-18a-5p in vivo under irradiation. A, Growth curves of A549 xenografts at day 10 (n = 6, P < .05). B, Survival time of experimental mice at day 30 (n = 6, P > .05). C, Tumor samples in A549 xenografts (n = 6, P < .05). D, miR-18a expression in A549 xenografts (*P < .05). E, ATM and HIF-1α mRNA expression in A549 xenografts (*P < .05). F, pATM and HIF-1α protein expressions in A549 xenografts 3.1-33.6 months) by the deadline of 31 October 2015. Eight patients had no progression, and 19 patients were still alive. We divided all the patients into radiosensitive group (CR+PR, 15 cases) and radioresistant group (SD+PD, 39 cases). The relative expression of plasma miR-18a-5p in radiosensitive group was significantly higher than that in radioresistant group (16.02 ± 8.28 vs 1.40 ± 0.72, P < .001, Figure 5A ). ROC curves demonstrated the cutoff value as miR-18a-5p > 2.28 ( Figure 5B ).
All the patients were divided into miR-18a-5p-high and miR-18a-5p-low groups by the cutoff value of miR-18a-5p. The ORR in miR-18a-5p-high and miR-18a-5p-low groups was 86.7% vs 5.1% (P < .001, Figure 5C and D). The predictive sensitivity and specificity of plasma miR-18a-5p in radiotherapy response reached 87% and 95%, respectively. The median local PFS of miR-18a-5p-high and miR-18a-5p-low groups reached 8.15 months (95% CI: 6.1-10.1 months) and 6.45 months (95% CI: 5.7-7.1 months), respectively. There was a trend toward improvement of the median local PFS in miR-18a-5p-high group compared with miR-18a-5p-low group (HR 0.59, 95% CI: 0.34-1.09, P = .082, Figure 5E ). The median OS of miR-18a-5p-high and miR-18a-5p-low groups reached 18.90 months (95% CI: 12.2-25.6 months) and 14.75 months (95% CI: 7.1-20.3 months), respectively. The median OS from radiotherapy in miR-18a-5p-high group was numerically longer than that in miR-18a-5p-low group (HR 0.82, 95% CI: 0.39-1.71, P = .281, Figure 5F ).
Side effects, mainly the RP, were also recorded during the follow-up. There were 57.4% of grade 1-4 in all the patients (31/54), 60.0% in radiosensitive group (9/15) and 56.4% in radioresistant group (22/35). There was no significant difference between radiosensitive and radioresistant groups (P > .05). There was no significant difference between miR-18a-5p-high and miR-18a-5p-low groups as well (P > .05).
| DISCUSSION
In the present study, we successfully induced A549 cells into spheres following the protocols in our previous study. 23 Therefore, we chose miR-18a-5p as a regulator of radioresistance of lung cancer stem cells enriched from A549 cells. We found that miR-18a-5p was downregulated in A549 cells after radiation and in CD133 + stem-like cells. Then, we examined the biological function of miR-18a-5p in radiosensitization of A549 and CD133 + stem-like cells. According to in patients. A, Plasma miR-18a-5p in radiosensitive and radioresistant groups (***P < .001). B, Cutoff value of miR18a-5p in ROC curve. C, ORR in miR18a-5p-high and miR-18a-5p-low groups (***P < .001). D, Radiation response in miR-18a-5p-high and miR-18a-5p-low groups. E, PFS in miR-18a-5p-high and miR-18a-5p-low groups (P = .082). F, OS in miR-18a-5p-high and miR-18a-5p-low groups (P = .281) | CHEN Et al.
CD133
+ cells cultured in IMDM containing 10% calf serum.
However, when miR-18a-5p was overexpressed in A549 cell and CD133 + stem-like cells, miR-18a-5p decreased the D0, Dq, and SF2 values according to the radiation survival curves, suggesting that miR-18a-5p overexpression radiosensitized both A549 cells and CD133 + stem-like cells. In vivo experiments showed that miR-18a-5p also radiosensitized A549 tumor tissues. Furthermore, the expression of miR18a-5p in xenografts was associated with the survival time of mice. Thus, our study successfully verified that miR-18a-5p radiosensitized both A549 cells and CD133 + stem-like cells in vitro and in vivo. To the best of our knowledge, this is the first time that miR-18a-5p has been tested in radioresistance of lung cancer stem-like cells. Theoretically, miR-18a-5p could affect the stemness of lung cancer stem-like cells. However, miR-18a-5p overexpression did not affect the expressions of stemness factors (Oct4, Nanog, and Nestin) and the sphere forming ability of cells, indicating that miR-18a-5p was not associated with the stemness of CD133 + stem-like cells.
We further explored the molecular mechanism underlying the radiosensitizing effect of miR-18a-5p in lung cancer. As is known, DNA repair after radiation is an important mechanism of radioresistance. 33, 34 Considering that bioinformatic prediction has become a preferential method to explore the targets of miRNAs, 35, 36 we chose potential targets from predicted ones involved in radioresistance and confirmed these targets by biochemical experiments. Ataxia telangiectasia mutated was proved to be a real target of miR-18a-5p in the present study. ATM is a key determinant factor of multiple cellular responses to irradiation, such as DNA double strand break (DSB) repair in cancer cells. 37, 38 Also, ATM could start another important DNA repair of homologous recombination repair (HRR). 39 DNA damage activates ATM through intermolecular autophosphorylation (phospho S1981) and dimer dissociation. 40 Inhibition of ATM or pATM (phospho S1981) could radiosensitize cancer cells. 20, [41] [42] [43] The present study showed that upregulated miR18a-5p inhibited the expressions of ATM and pATM (phospho S1981) and then enhanced the radiosensitivity of A549 cells and CD133 + stem-like cells.
Additionally, we demonstrated that HIF-1α was regulated by miR-18a-5p. Hypoxia is known as a hallmark of solid tumors, which is also a critical cause of radioresistance. 44 HIF-1α is an important hypoxia-responsive transcription factor in tumor microenviroment. Irradiation induces the expression of HIF-1α, while the latter in turn causes radioresistance by triggering several signaling pathways. HIF-1α inhibited the apoptosis of malignant cells, 45, 46 induced γH2AX expression and hypoxic condition, enhanced DNA repair and finally led to the poor response of tumor treatment. 47 As described above, the present study verified two real targets of ATM and HIF-1α by dual-luciferase reporter assay and Western blotting. Furthermore, we did a series of experiments to confirm our results. First, we detected the change of γH2AX, a classic DNA damage factor. [48] [49] [50] [51] Upregulated miR-18a-5p suppressed the expression of γH2AX protein, indicating that miR-18a-5p inhibited DNA repair and enhanced radiosensitivity. Second, the overexpression of miR-18a-5p was found in the miR-18a-5p-LV group before irradiation in the xenografts. The expressions of pATM and HIF-1α proteins in the xenografts in miR-18a-5p-LV group became lower subsequently. Consistent with our findings, several previous studies revealed that miR-18a-5p was involved in radiosensitivity. For example, miR-18a-5p enhanced radiosensitivity via downregulating ATM in cervical cancer, 52 colorectal cancer, 53 and breast cancer. 54 It was addressed that miR-18 targeted heat shock transcription factor 2 (HSF2), 55 while HSF2 upregulated HIF-1α. 56 Additionally, other studies showed that several miRNAs were associated with DNA repair. For example, miR-421 and miR-24 could target ATM 57 and γ-H2AX, 58 respectively. There were also several studies showing that miRNAs were associated with radiosensitivity in lung cancer. Radiotherapy response of lung cancer cells was modulated by miR-214 through regulation of p38 MAPK, apoptosis, and senescence. 19 The radiosensitization of lung cancer cells was induced by miR-122 via targeting BCL-W and IGF1R. 59 Enhanced miR-15a/16 promoted the radiosensitivity of lung cancer via downregulating the TLR1/NF-κB pathway. 60 Knockdown of miR-1323 restored radiosensitivity by suppression of PRKDC activity in radiation-resistant lung cancer cells. 61 Our findings added another evidence that miR18a-5p was involved in radiosensitivity in lung cancer cells. More importantly, we demonstrated that miR-18a-5p could radiosensitize CD133 + stem-like lung cancer cells.
Several reports showed that circulating miRNAs could be potential biomarkers for early diagnosis and prognosis prediction in lung cancer. 62, 63 Shen et al 64 found that the expression of miR-18a-5p in tumor tissues was correlated with the radiotherapy effect in NSCLC patients. However, there has been no report about the role of plasma miR-18a-5p in predicting radiosensitivity in NSCLC patients before.
In the present study, we collected 54 plasma samples from NSCLC patients receiving radiotherapy alone. It is known that concurrent chemoradiotherapy is the standard treatment for patients with stage IIIa-IIIb (not IV), unresectable lung cancer. Because the patients in the early stage of lung cancer commonly received surgery, patients enrolled in this study were all unresectable (stage III-IV). They rejected concurrent chemoradiotherapy or could not stand this treatment because of clinical reasons, such as huge primary tumor, respiratory and heart malfunction, etc. Every enrolled patient had signed an informed consent before receiving treatment. After 2-4 cycles of chemotherapy, radiotherapy alone was reasonable. As reported, once the cancer stem cells are cultured in serum medium, they will differentiate into tumor cells and return to the same proportion as was in the source from which they were isolated 65 . In order to exclude the influence of chemotherapy on the enrichment of cancer stem-like cells and the radiosensitivity, there was an interval of at least two weeks between chemotherapy and radiotherapy. Similar study design has been published recently. 66 The plasma level of miR-18a-5p displayed that miR-18a-5p was associated with radiotherapy response in NSCLC patients. We also found that miR-18a-5p could be a good radiation indicator with high sensitivity (87%) and high specificity (95%). These results imply that plasma miR18a-5p could be used to stratify NSCLC patients into radiosensitive and radioresistant subgroups. For the radioresistant subgroup, comprehensive intervention should be considered before radiotherapy, such as a higher dose or a concurrent strategy with other anticancer therapies. For the radiosensitive subgroup, a lower dose than standard regimen (60 Gy) could be a possible option. Since tumor size is relevant to the response to radiotherapy, we compared the tumor size between radiosensitive group (82.02 ± 104.09 cm 3 ) and radioresistant group (81.01 ± 65.27 cm 3 ). The data showed that there was no significant difference (P > 0.05). Thus, the difference in radiosensitivity was mainly due to the different miR-18a-5p level between the two groups. Collectively, our study showed that miR-18a-5p could function as an indicator of radiosensitivity of lung cancer in vitro, in vivo, and in patients. Our findings here support that miR-18a-5p is critical for regulating the DNA repair gene of ATM and hypoxia associated gene of HIF-1α. As miR18a-5p inhibited both ATM and HIF-1α in the present study, miR-18-5p could be a promising target to improve radiosensitivity in lung cancer. The plasma miR-18a-5p could be a novel indicator of radiosensitivity in NSCLC patients. To further confirm the indicator in clinical application, future work of early clinical trial is still needed.
